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1. Executive summary 
In this report, we show the results of flow simulations using the reservoir models described in Rodger et al. 
2019e and the fluid model from Ribeiro et al. 2019a. The purpose of the simulation is to assess different 
development strategies (well configurations) under different permeability fields. In addition to this, we 
evaluate the containment of stored CO2 by analysing its vertical migration into the Transition Zone, as well as 
its plume spread at the top of the reservoir and around wells.  
We have simulated scenarios with either horizontal or vertical wells. Horizontal wells delivered better 
injectivity and thus allow the same injection volumes with fewer wells and a smaller surface operational 
footprint when compared to their vertical counterpart.  
2. Wells 
2.1 Horizontal wells 
We design a horizontal well pattern by putting two wells in opposing north-east and south-west directions 
and four more wells around them at 30 degree intervals for a total of six wells per pad. We placed one set of 
six wells in the northern injection site, while for the southern region we placed one set of wells in each of two 
different locations that are 20 km apart along the north-south direction (see Table 1 and Figure 1). These 
locations are within the notional injection sites (Wolhuter et al. 2019a).  
Table 1 Location of the notional injection sites. Wells are placed around the centre of each. 
Notional Injection Site Coordinates of centre (km) Gridblock location (x,y) 
South A   784, 6900 49, 54 
South B 782, 6920 49, 94 
North   790, 6955 61,166 
We refined the gridblocks around the wells (well gridblock plus one neighbour) into 5x5x3 gridblocks each, 
and set each well to open automatically if the currently open wells from the same regional group (north or 
south) cannot meet the current injection rate target.  
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Figure 1 Six-well horizontal patterns for injection design. Grid refinements are performed for each well 
gridblock and its neighbour.  
 
 
We have set the perforation interval length at 4km and then repeated the simulations with either 2 or 3km. 
Maximum well pressure constraints were set as 15 000 kPa at the well head and 90% of the fracture 
pressure at the bottom. The fracture pressure for each well was calculated using the methodology described 
in Rodger et al. 2019a. In this way, we could determine for different permeability fields (shown in Table 2) 
and how many wells of a given length are needed to meet the injection target.  
Table 2 Permeability fields used in simulation 
Code Reservoir Permeability Transition Zone Permeability 
High Res Higher Reference Case 
Mid Res Reference Case Reference Case 
Low Res Lower Reference Case 
High Tz Lower Higher 
2.2 Vertical wells 
For each permeability field we simulate a single run using only vertical wells. We have built a pattern of 4x4 
wells with 3 km spacing and an additional well in the centre of the pattern (see Figure 2). As in the horizontal 
scenarios, we placed each pattern in each of the three notional injection locations and refined each well 
gridblock and its neighbour into 5x5x3 gridblocks. We set the four wells in the corners and the central well to 
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start injecting, forming a five-spot pattern. In addition to that, we set all other wells to open if the five-spot 
pattern wells do not meet the three injection target defined below. 
Figure 2 17-wells vertical patterns. Grid refinements are performed for each well gridblock and its 
neighbour.  
 
 
3. Well schedules 
We have simulated three scenarios of well schedules based on expected CO2 delivery from the Milmerran 
(M), Kogan Creek (K) and Tarong North (T) power stations. Scenario MKMK represents the injection 
schedule for CO2 coming from Milmerran and Kogan Creek, with two increasing stages of supply each. We 
used this schedule to check how many wells are needed for the four scenarios of permeability and the 
different well types. By adding Tarong North supply to the north injection site, we have built scenario 
MKTMKT and used it for checking how the results changed when additional pressure is imposed in the 
North. The third and last schedule was developed to test the stress limit of the reservoir. In this schedule 
(MKTMK extended) there is a higher supply from all power stations and the peak injection rate is extended to 
38 years. This results in target storage of 634 Mt of CO2, which is 2.3 times higher than scenario MKMK. The 
well schedules are shown in Table 3, Table 4 and Table 5. 
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Table 3 Schedule MKMK. The target is to store 276 Mt of CO2 after 39 years of injection. 
Schedule Year 
MKMK 00 03 06 09 30 33 36 39 
North Injection 
Rate (Mtpa) 
0 2.2 2.2 4.4 4.4 2.2 2.2 0 
South Injection 
Rate (Mtpa) 
2.4 2.4 4.8 4.8 2.4 2.4 0 0 
North Cum. 
Target (Mt) 
0 0 6.6 13.2 105.6 118.8 125.4 132.0 
South Cum. 
Target (Mt) 
0 7.2 14.4 28.8 129.6 136.8 144.0 144.0 
Table 4 Schedule MKTMKT. The target is to store 323.2 Mt of CO2 after 44 years of injection. 
Scenario Year 
MKTMKT 00 03  06 09 12 15 30 33 36 39 42 44 
North Injection 
Rate (Mtpa) 
0 2.2 3.0 3.0 5.2 6.0 6.0 3.8 3.0 3.0 0.8 0 
South Injection 
Rate (Mtpa) 
2.4 2.4 2.4 4.8 4.8 4.8 2.4 2.4 2.4 0 0 0 
North Cum. 
Target (Mt) 
0 0 6.6 15.6 24.6 40.2 130.2 148.2 159.6 168.6 177.6 179.2 
South Cum. 
Target (Mt) 
0 7.2 14.4 21.6 36.0 50.4 122.4 129.6 136.8 144.0 144.0 144.0 
Table 5 Schedule MKTMK extended. The target is to store 634 Mt of CO2 after 62 years of injection. 
Scenario Year 
MKTMK 
extended 
00 03 06 09 12 50 53 56 59 62 
North Injection 
Rate (Mtpa) 
0 2.5 3.69 3.69 6.5 6.5 4.0 2.81 2.81 0 
South Injection 
Rate (Mtpa) 
2.54 2.54 2.54 6.18 6.18 3.64 3.64 3.64 0 0 
North Cum. 
Target (Mt) 
0 0 7.5 18.57 29.64 276.64 296.14 308.14 316.57 325.0 
South Cum. 
Target (Mt) 
0 7.62 15.24 22.86 41.4 276.24 287.16 298.08 309.0 309.0 
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4. Results 
4.1 Reference case (MKMK, MidRes, 4km horizontal wells) 
We started the injection in South A in 2030 and three years later we started in the north. The constraint on 
maximum well head pressure is more restrictive than the bottomhole pressure, thus an additional well is 
open every time the wellhead pressure of injecting wells reach 15 000 kPa (see Figure 3 and Figure 4).  
Figure 3 Well bottomhole and wellhead pressures for injecting wells in the South A site. 
 
Figure 4 Well bottomhole and wellhead pressures for injecting wells in the North site. 
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The well head pressure constraint prevents the bottom-hole pressure of approaching the predicted fracture 
pressures (above 39 000 kPa) that would otherwise increase the wellbore instability. Overall, nine wells are 
required to meet the injection target (six in South A and three in North).  
During injection, CO2 enters the reservoir in supercritical state and at a lower temperature (40°C). Since the 
reservoir temperature is considered to be below 85°C, reservoir cooling around the wellbores during the 
injection period has a small effect on CO2 solubility in water and therefore the maximum bottom-hole 
pressure determines the maximum solubility (see Figure 5). However, as CO2 is continuously injected, the 
water around the wellbores reaches saturation in a few years and limits the incoming CO2 stream of 
contacting fresh aquifer water (only 20% of injected CO2 dissolves in water).    
Figure 5 CO2 molality (moles / kg of water), pressure and temperature around well N-1 (north site). 
 
After injection stops, supercritical CO2 expands and slightly dissolves in water as it moves away from the 
centre of the injection sites (see Figure 6). 
At the end of the injection period, most of the injected CO2 plume has expanded laterally in multiple layers of 
the reservoir (between 1000 and 2000m away from injection wells) with the highest saturation in the top layer 
(see Figure 7). A small portion of the injected CO2 percolates upward and enters the Transition Zone 
(saturation below 15%). After the injection period is completed, CO2 continues to migrate upward and 
saturations in the top layer of the reservoir approach 50% in 100 hundred years. 
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Figure 6 Mass and volume of supercritical CO2 in the full model (reservoir plus Transition Zone) 
compared to pressure at the top of the reservoir. The depressurisation in the 100-years period 
after the injection leads to a CO2 expansion of 12%, while 2% of CO2 dissolves in water. 
 
However, very little CO2 flows into theTransition Zone due to bouyancy alone. In Figure 8 and Figure 9, we 
show that the maximum CO2 inflow into the Transition Zone occurs during the injection period but it is 10 
times lower than the water inflow. Moreover, after the field injection rate decreases (2060), both water and 
gas inflows are reduced, and at 2080 water starts to flow back to the reservoir due to gravity.  
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Figure 7 CO2 saturation at the end of the injection period (top) and 100 years after (bottom) along a 
cross-section of well N-3 trajectory. CO2 accumulates in the top of the reservoir as the 
Transition Zone acts as a partial seal.  
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Figure 8 CO2 and water mass rates between reservoir and Transition Zone (TZ). CO2 and water flows 
upward during the injection period and for up to 10 years later. After that, gravity forces 
dominate and water flows back to the reservoir while CO2 continues to flow to the Transition 
Zone but at a much smaller rate (~0.003 Mtpa).  
 
Figure 9 CO2 and water cumulative mass rates between the reservoir and Transition Zone. CO2 migrated 
upward at a slower rate immediately after the injection has ceased (2070), while it took 10 years 
longer to invert the direction of the water flow.  
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The CO2 molalities and saturations above the injection wells (top of the reservoir) are shown in Figure 10 
and Figure 11. One can see that the CO2 plume in the north site covers a smaller area because less wells 
were opened (three instead of six in the South A site).  
Figure 10 CO2 saturation (top) and molality (bottom) at the top of the reservoir (layer 12) in the South A 
injection site, 100 years after injection. CO2 covers a larger area in this site since all six wells 
were open. The maximum dissolved CO2 in water corresponds to approximately 5% on a mass-
by-mass ratio. 
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Figure 11 CO2 saturation (top) and molality (bottom) at the top of the reservoir (layer 12) in the north 
injection site, 100 years after injection. Three distinct plumes arise above the three operating 
wells. 
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During the injection period, CO2 enters the Transition Zone either dissolved in water or as supercritical CO2. 
The pressure gradient in the top of the reservoir during this phase is high enough to drive the vertical 
migration, with CO2 dissolved water flowing through regions of higher permeability and supercritical CO2 in 
regions of lower capillary pressure. The two regions are correlated since capillary pressure was calculated 
based on permeability using a J-function (Rodger et al. 2019b). Therefore, CO2 is filtered through the 
transition zone and flows via preferential pathways. In Figure 12 through Figure 17, we show the migration of 
CO2 through layers 11 (deeper) 10, 9 and 8 (shallower) of the transition zone above the well locations (for 
description of reservoir model see Rodger et al. 2019e). We can see that the high CO2 molality zones in the 
Transition Zone are less continuous than in the top of the reservoir, and the peaks of concentrations coincide 
with low capillary pressure regions. As supercritical CO2 enters the Transition Zone through paths of lower 
capillary pressure, it spreads laterally by dissolving in neighbouring water. In this way, small portions of 
(aqueous) CO2 can be carried into regions of higher capillary pressure. 
Figure 12 Capillary pressure (top) and CO2 molality (bottom) in the lowest layer of the Transition Zone 
above the South A injection site (layer 11), 100 years after injection. The most continuous zone 
of CO2 molality coincides with the zone of lowest capillary pressure (between latitudes 6 903 
and 6 907 km). 
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Figure 13 Capillary pressure (top) and CO2 molality (bottom) in the Transition Zone above the South A 
injection site (layer 10), 100 years after injection. CO2 continued to flow through the northern 
part of the site because of the lower capillary pressure pathway. 
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Figure 14 Capillary pressure (top) and CO2 molality (bottom) in the Transition Zone above the South A 
injection site (layer 9), 100 years after injection. The more western portion of CO2 from deeper 
layers did not flow through because it was located in a vertical column of higher capillary 
pressure values (yellow region). 
 
 
 UQ-SDAAP | Notional injection sites – injection scenarios 20 
 
Figure 15 Capillary pressure (top) and CO2 molality (bottom) in the Transition Zone above the South A 
injection site (layer 8), 100 years after injection. The more western CO2 from deeper layers did 
not flow through because it was located in a vertical column of higher capillary pressure values. 
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Figure 16 Capillary pressure (top) and CO2 molality (bottom) in the Transition Zone above the north 
injection site (layer 11), 100 years after injection. The most continuous zone of CO2 molality 
coincides with the zone of lowest capillary pressure (between latitudes 6 903 and 6 907 km). 
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Figure 17 Capillary pressure (top) and CO2 molality (bottom) in the Transition Zone above the north 
injection site (layer 11), 100 years after injection. The most continuous zone of CO2 molality 
coincides with the zone of lowest capillary pressure (between latitudes 6 903 and 6 907 km). 
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4.2 Summary of MKMK scenarios 
The simulation of scenarios for the MKMK delivery schedule (Table 6) revealed the impact of porosity and 
permeability on well performance as well as CO2 migration into the Transition Zone. The results show the 
technical feasibility of different well patterns and that overall, longer horizontal wells perform better but there 
is still opportunity for further optimisation, especially if drilling and injection cost are considered.  
Table 6 MKMK development scenarios. Wells reached the injectivity limit for low reservoir permeability 
cases (LowRes and HighTZ). 
Scenario Well Type 
 Number 
of Wells in 
North 
 Number 
of Wells in 
South A 
 Number 
of Wells in 
South B 
Total 
Number 
of Wells 
Target Met? 
HighRes 4km, horiz. 2 2 0 4 Yes 
HighRes 3km, horiz. 2 2 0 4 Yes 
HighRes 2km, horiz. 2 3 0 5 Yes 
HighRes Vertical 5 5 5 15 Yes 
MidRes 4km, horiz. 3    6    0 9 Yes 
MidRes 4km, horiz. 3    0  5 8 Yes 
MidRes 3km, horiz. 3    6  0 8 No, 98.5% of South 
MidRes 3km, horiz. 3    0  5 8 Yes 
MidRes Vertical 14    5 7 26 Yes 
LowRes 4km, horiz. 6    3 3 12 No, 99.8% of North 
LowRes 3km, horiz. 6 3 5 14 No, 98% of North 
LowRes Vertical 17  17 17 51 No, 82% 
HighTZ 3km, horiz. 6    3 4 13 No, 99.5% of North 
HighTZ Vertical 17  17 17 51 No, 84% 
 
Comparing to the reference case, better performance was observed when injecting at South B because the 
reservoir is thinner around South A (see Figure 18). For 3 km wells, injection at South A reaches the 
injectivity limit (WHP at 15 000 kPa).   
In higher permeability cases (HighRes), we observed lower pressure build-up and thus fewer wells were 
needed to meet the injection target. Since the increase in pressure was lower, the water and gas inflow into 
the Transition Zone during the injection period was weaker. The higher permeability also allowed a faster 
depressurisation in the post-injection period, which also contributed to a faster decrease in the water inflow 
rate to the Transition Zone.  
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Figure 18 North-South cross-section of the reservoir layers around South A & B. Injection performance is 
better for South B because it has a higher thickness. Note that the vertical axis scale is 100 
times larger than the horizontal scale to clearly display the variations in thickness.  
 
When vertical wells were used, larger plume areas resulted at the top of the reservoir. This happened 
because of a higher build up and a larger number of wells (larger area) needed for the injecting well patterns 
(see Figure 19, Figure 20 and Figure 21). The migration to the Transition Zone is initially higher since the 
distance between the reservoir top and the first perforation is lower when compared to horizontal wells.  
For the worst case scenarios for injectivity (LowRes and HighTz), the injection target was not met for the 
north pattern (horizontal wells) or for all patterns (vertical wells). In LowRes, the lower reservoir permeability 
limits the volume of fluids that flow into the Transition Zone and is less than HighRes scenarios (see Figure 
22). The higher permeability in the Transition Zone for HighTZ leads to a considerably higher inflow 
compared to all other scenarios, which highlights the importance of the properties of the Transition Zone. 
However, it is worth noting that for all scenarios the cumulative volume of CO2 100 years after injection in the 
Transition Zone is very small compared to the large volumes injected (less than 0.01%).  
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Figure 19 CO2 molality 100 years after injection at the top of the reservoir (layer 12) in the north injection 
site for MidRes developed with vertical wells.  
 
Figure 20 CO2 molality 100 years after injection at the top of the reservoir (layer 12) in the South A 
injection site for MidRes developed with vertical wells. 
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Figure 21 CO2 molality 100 years after injection at the top of the reservoir (layer 12) in the South B 
injection site for MidRes developed with vertical wells. 
 
Figure 22 Cumulative volume of CO2 in the Transition Zone per cumulative injection, during injection (up 
to 39 years) and 100 years post-injection. HighTZ shows the highest increase, although still less 
than 3.5% of the injected CO2 goes into the Transition Zone. 
 
 UQ-SDAAP | Notional injection sites – injection scenarios 27 
 
4.3 MKTMKT scenarios 
Simulation results show that, when the Tarong power station is added to the injection schedule in the north 
site, more wells are required to meet the target for HighRes and MidRes scenarios (1 and 2 additional wells, 
respectively). LowRes and HighTZ scenarios have not met the target for schedule MKMK and therefore the 
percentage of the target that is meet drops, although it is still higher than 90% (see Table 7). 
Table 7 MKTMKT development scenarios. Injectivity limits are similar to MKMK scenarios. 
Scenario Well Type 
 Number 
of Wells 
in North 
 Number 
of Wells 
in South A 
 Number 
of Wells  
in South B 
Total 
Number 
of Wells 
Target Met? 
HighRes 4km, horiz. 3   2 0 5 Yes 
MidRes 4km, horiz.  5   2 2 9 Yes 
LowRes 4km, horiz. 6   3 4 13 No, 91.3% of North 
HighTZ 3km, horiz. 6   3 3 13 No, 93.2% of North 
 
4.4 MKTMK extended scenarios 
The considerable higher injection target imposed by MKTMK extended schedule is easily met for HighRes 
with only 7 wells operating with maximum well head pressure of 15 000 kPa. On the other hand, if reservoir 
properties are similar to MidRes, all 18 wells are required to meet 96% of the target. Allowing a higher well 
head pressure limit when developing the MidRes scenario leads to a number of required wells similar to 
HighRes (see Table 8, Figure 23, Figure 24 and Figure 25).  
Table 8 MKTMK extended development scenarios. Higher wellhead pressure is required to meet the 
injection target for MidRes. 
Scenario 
WHP 
constraint 
 Number 
of Wells 
in North 
 Number 
of Wells 
in South A 
 Number 
of Wells  
in South B 
Total 
Number 
of Wells 
Target Met? 
HighRes 15 000 kPa 3 2 1 6 Yes 
MidRes 15 000 kPa  6 6 6 18 No, 96% 
MidRes 20 000 kPa  4 2 2 8 Yes 
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Figure 23 Bottomhole pressure (BHP) and wellhead pressures (WHP) for scenario HighRes. Only six 
wells are required to meet the injected target.  
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Figure 24 Bottomhole pressure (BHP) and wellhead pressures (WHP) for scenario MidRes with 15 000 
kPa WHP restriction. All well rates become limited by WHP during peak injection period. 
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Figure 25 Bottomhole (BHP) and wellhead pressures (WHP) for scenario MidRes with 20 000 kPa WHP 
restriction. Pressure limits were reached only for wells N-2 and N-4. 
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4.5 Stress test with 15 000 kPa WHP 
The last set of simulations is a stress test and it was designed to check the limits of well performance if peak 
injection rate is maintained. Using properties of MidRes and HighRes, we applied the MKTMK schedule 
without the reduction of the yearly supply rate, i.e. extending the injection period to a century. To test the 
wells in the most restricting limits we set the well head at 15 000 kPa. 
For MidRes scenario the mass rates decrease asymptotically after the injectivity limit is reached (Figure 26) 
and this yields a reduction of 20% on the maximum CO2 stored in 100 years (Figure 27). These contrast with 
the results for HighRes, which did not reach the reservoir limit and had a weaker pressure build-up (Figure 
28 and Figure 29). Thus, injectivity issues are less likely to happen in reservoirs with properties similar to 
HighRes, even at high injection rates and for long injection periods. 
Figure 26 CO2 mass injection rate for the injection sites and the average datum pressure (MidRes). 
Injection limit was reached after 34 and 44 years for North and South, respectively. 
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Figure 27 Cumulative mass and volume of CO2 stored during 100 years of injection (MidRes).  
 
Figure 28 CO2 mass injection rate for the injection sites and the average datum pressure (HighRes). 
Injection limit was not reached after 100 years of injection (only seven wells were open).  
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Figure 29 Cumulative mass and volume of CO2 stored during 100 years of injection (HighRes).  
 
In terms of Transition Zone inflow, the total volume of CO2 that accumulates is similar between the two 
scenarios, since it is affected by buoancy and the capillary pressure in the Transition Zone. Results are 
different for the cumulative water: a weaker pressure buildup in HighRes drives less water inflow to the TZ 
(Figure 30 and Figure 31).  
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Figure 30 Cumulative flow of CO2 and water into the Transition Zone during 100 years of injection 
(MidRes). Up to 2% of the injected CO2 flows into the Transition Zone.  
 
Figure 31 Cumulative flow of CO2 and water into the Transition Zone during 100 years of injection 
(HighRes). Up to 1.5% of the injected CO2 flows into the Transition Zone.   
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